Untethered micro and nanoagents are envisioned to travel through the human body and carry out minimally invasive surgeries, deliver drugs, and monitor physiological conditions. While the largest portion of research focuses on the development of novel devices and applications, essential questions regarding localization and recovery of these devices after their use inside the human body remain largely overlooked. In this work, we propose degradable, superparamagnetic hydrogel composites as a one-step solution for device actuation, application, and non-invasive device recovery. The combination of magnetic nanoparticles and a functional, degradable polymer matrix is expected to enable a new generation of magnetic microdevices for a variety of minimally invasive applications. To validate our proposal, a bio-inspired helical microrobot platform mimicking E. coli bacteria is fabricated and actuated using weak rotating magnetic fields. Locomotion based on cork-screw propulsion, targeted drug delivery, and low cytotoxicity of the composite's degradation products are demonstrated.
Robotic devices have the potential to revolutionize therapeutic and diagnostic procedures by reducing invasiveness and enabling medical procedures that would not be possible otherwise. [1] The evolution of robotic tools for biomedical purposes is towards the realization of minimally invasive procedures carried out by untethered micro and nanoagents. Due to unfavorable scaling laws for energy storage, these devices must be powered or actuated externally. [2] Magnetic fields are ideal candidates for this purpose as (1) untethered magnetic devices can be operated in any magnetically transparent environment (vacuum, gaseous environments, as well as conductive and non-conductive, Newtonian and non-Newtonian liquids) and (2) interaction with biological tissue is not problematic. [3, 4] A variety of remotely actuatable microdevices for locomotion in liquid environments has been presented. [5, 6] One of the most efficient magnetic microrobots that is capable of performing locomotion in liquid environments is the bio-inspired Artificial Bacterial Flagella (ABF). [7, 8] ABFs are swimming microrobots that adopt the helical tail of the E. coli bacteria and mimic the well-known corkscrew propulsion at the low Reynolds regime. [9] A variety of swimming microrobots has evolved based on this principle and applications such as contact-and non-contact manipulation, cargo transportation, remote sensing, and near IR-tracking have been demonstrated. [3, 6, 7, 10] During future in vivo applications, these devices can be recognized by the immune system, triggering a cascade of specific and non-specific host responses including protein adsorption and platelet activation. [11] While the first may clog the device and impede its functionality, the latter may introduce the life-threatening risk of thrombosis. To prevent these and other nonspecific host responses, the device should be shielded by stealth coatings. [11] Among these coatings, poly (ethylene glycol) (PEG) is considered "the gold standard for stealth polymers". [12] Although these hemocompatible coatings increase blood-circulation time, this protection will be limited, [12] and device recovery must be considered. A lack of efficient device recovery methods is one of the major obstacles that hinders future in vivo application of these devices.
In this work, we suggest a degradable superparamagnetic polymer composite that allows a safe device degradation in vivo and a subsequent degradation product excretion as a noninvasive alternative to manual / surgical device recovery. The superparamagnetic hydrogel composite material can be cross-linked via single and two-photon polymerization (TPP), absorb and release biologically relevant substances, and degrade in aqueous, i.e. physiological, environments. This offers a one-step solution for simple and facile device fabrication, efficient actuation and device application, while rendering post-application device recovery unnecessary. The composite is composed of magnetite (Fe3O4) nanoparticles, high-stealth poly (ethylene glycol) diacrylate (PEG-DA), and pentaerythritol triacrylate (PE-TA).
Hydrogel ABFs are fabricated by TPP and wirelessly actuated using weak, rotating magnetic fields. Locomotion based on cork-screw propulsion, targeted drug delivery to a model cell line (3T3 fibroblast cells), and low cytotoxicity of the degradation products are demonstrated.
Hydrogel Nanocomposite Copolymers
Hydrogel nanocomposite (2 %vol Fe3O4) homopolymer (PEG-DA) composites and copolymer (PEG-DA/PE-TA ratios of 90/10, 75/25, and 50/50 %vol/%vol) composites were prepared, drop-casted on transparent glass wafers and loaded into a TPP writing tool as illustrated in Figure 1a . Successful network formation was observed for all copolymers containing at least 25 %vol PE-TA. Three-turn helical structures with helical diameters of 1.5, 2.0, 2.5, and 3.0 µm were fabricated as illustrated in a tilted SEM view in Figure 1b . A typical helical structure with a helical diameter of 3.0 µm is illustrated in Figure 1c . The simple and facile fabrication approach allows for the fabrication of large arrays of helical ABF as depicted in Figure 1d . Detailed experimental results are discussed in the Supporting Information 1.
Drug Delivery
Drug release kinetics Superparamagnetic hydrogel sheets were crosslinked, immersed in 0.5 mM Methylene Blue In order to evaluate the total amount of absorbed MB, the same hydrogel sheets were prepared as denoted above. After rinsing with PBS, hydrogel sheets were immersed in 1 ml of NaOH (1 M) for 24 hours. All polymer sheets fully degraded within this period (The role of NaOH in the degradation process is discussed below). The MB concentration was evaluated using fluorescence intensity measurements. The obtained signal represents the total drug load and is well in agreement with the results of the drug release kinetics study. For all superparamagnetic hydrogel copolymers, all MB was released from the sheets (see Figure 2b ).
Swimming tests and targeted drug delivery
Superparamagnetic hydrogel microrobots were fabricated, immersed in DI water, released from their substrate, and actuated using weak, rotating magnetic fields. The microswimmers were capable of performing locomotion based on cork-screw propulsion (see Supporting Video 1 and Supporting Information 2 for experimental details). For targeted drug delivery experiments, fabricated hydrogel microrobots were immersed in MB for one hour and subsequently air-dried, released and transferred to a microfluidic test substrate. The test substrate contains two microfluidic pockets fabricated from SU-8 (see Figure 2c ). 3T3 fibroblast cells were previously fixated on the substrate and permeabilized. DI-water was added and the swimming microrobots were steered into the microfluidic target pocket. The microrobots remained in the pockets until all water dried out. MB diffuses out of the helical swimmer and starts to stain the surrounding cells. Fluorescence images were taken after the DI water evaporated. The amount of MB that was released from a single device did not result in a sufficient fluorescence signal. Subsequently, a second swimmer was placed inside the microfluidic channel and the experiment was repeated. The accumulated release was sufficient to stain the cells in the target pocket. The cells in the control pocket were not stained. The swimming path as well as the target and control pockets are illustrated in Figure   2c . The target location is again magnified in Figure 2g . The approach of the second swimmer is illustrated in Figure 2d to f. The approach of both swimmers is also illustrated in the Supporting Video 1. These results demonstrate, for the first time, targeted drug delivery from a biodegradable swimming microrobot.
Degradation and biocompatibility of degradation products
All polymer networks discussed in this work are cross-linked acrylate networks containing hydrolytically degradable ester groups (see Figure 3a) . Herein, water molecules are able to cleave these ester groups. This results in the formation of poly acrylic acid (PAA) and an alcoholic moiety (PEG or PE), all of which possess a low cytotoxicity and can be metabolized and / or excreted directly from the human body. [13] Upon network degradation, the embedded magnetite is released and can be excreted from the body as well. [14] Accelerated in vitro degradation tests are carried out in the form of sodium hydroxide promoted hydrolysis, also known as saponification. [15] Herein, the ester group is cleaved using aqueous sodium hydroxide, resulting in the formation of sodium poly acrylate (NaPA) instead of PAA as illustrated in Figure 2b .
In order to evaluate the cytocompatibility of the saponificated network, PAA is recovered from NaPA by stoichiometric addition of hydrochloric acid. [16] The degradation products PEG, PE, and PAA are extracted from the aqueous solution by means of phase separation using toluene. The organic phase is dried and white-ish powders are recovered. It has to be noted that the previously embedded nanoparticles remain in the aqueous phase and the cytotoxicity of the entire system cannot be evaluated directly. Instead, saponification and PAA recovery are carried out for pristine, i.e. particle-free, hydrogel pre-polymers only. The corresponding amount of nanoparticles is added to the white-ish powders in form of a ferrofluid (FF, magnetite nanoparticles dissolved in γ-Butryolactone (GBL)) to match the particle concentration of the fabricated composite devices. The mixture is then dried again and dissolved in PBS. Feed solutions with concentrations between 125 and 2000 ppm degraded superparamagnetic hydrogel copolymer were prepared. The feed solutions were added to 3T3 fibroblast cells and their viability was measured by MTT assays (see Figure 3c ). With 24 hour viabilities above 75%, test results indicate that the degradation products possess a low cytotoxicity. Under a conservative assumption (ABF with 3 µm design diameter and 28 µm design length approximated by a cylinder with the same feature size), a concentration of 2000 ppm corresponds to about 10 million helical microswimmers per ml, which is an extremely large number. A time sequence of hydrogel microrobots during accelerated degradation in NaOH (1 M) is illustrated in Figure 3d -j. As excretion pathways for all degradation products exist, [13, 14] the discussed superparamagnetic hydrogel copolymer possess all characteristics to qualify as degradable biomaterial with low cytotoxicity and represents an ideal foundation of a magnetic micro or nanoagent.
Discussion and Conclusion
In this work, we have demonstrated, for the first time, a framework for biodegradable, superparamagnetic hydrogel composites that offers a one-step solution for simple and facile device fabrication, actuation and application, while rendering post-application device recovery unnecessary. To demonstrate the feasibility of our proposal, we fabricated ABFs from fully degradable materials with potential stealth properties, demonstrated targeted drug delivery and in vitro degradation via accelerated hydrolysis. The degradation products possess a low cytotoxicity and potential excretion pathways from the human body. [13, 14] As pointed out by Browning et al., the in vivo degradation of hydrolytically degradable materials is also subjected to the macrophage activity, [15] promoting a further examination of the in vivo degradation rate. For practical applications, the polymer material combination may be altered to adjust the degradation time, [17] matching the timeframes of device degradation and device application. Herein, slower degradation may be desirable if the devices support structural integrity of tissue. On the other hand, faster degradation may be advantageous for drug delivery applications. In this context, it should be noted that the loading and delivery rates of real drugs are expected to vary from the rates reported for MB. To adjust the drug loading and delivery rates for practical applications, the polymer material may be altered. [18] During drug delivery experiments, we observed that the 3T3 cells around the starting location and along the swimmers´ path were stained as well. In agreement with the release kinetics depicted in Figure 2a , this observation indicates that the model drug diffuses out of the devices during the approach of the target pocket. In order to confine the release inside the target pocket only, the implementation of an on-demand release mechanism based on photosensitive nanovalves or hyperthermia may be included in future devices. [19] The simple and facile device fabrication approach presented in this work can be modified to produce different two-and three-dimensional microdevices with arbitrary geometries and may be applied for the fabrication of degradable magnetic sensors and actuators for various applications.
Aside enabling a range of exciting applications, the presented materials and devices provide an alternative solution to post-application device retrieval, promoting degradable superparamagnetic materials as a highly suitable framework for future biomedical applications. In vivo degradation rate, anti-fouling properties, as well as the long-term toxicity must be investigated further before clinical trials can begin.
Experimental Section

Pre-polymer composition and cross-linking
PEG-DA 575 and PE-TA were mixed in volume ratios 100 / 0, 90 / 10, 75 / 25, and 50 / 50 %vol / %vol. FF (particle load 260 mg/ml GBL, chemicell GmbH) was added to achieve a final particle concentration of 2 %vol. Irgacure photoinitiator (50 mg/ml polymer) and a photosensitizer (10 mg/ml) were added. The pre-polymer was mixed and the particles were dispersed in a planetary mixer for 10 minutes. Pristine pre-polymers were prepared in the same manner except that GBL was added instead of the FF. For the fabrication of hydrogel ABFs, the pre-polymers were drop-casted onto transparent glass wafers, loaded into a NanoScribe TPP tool, and crosslinked using Perfect Shape Mode 1 with a laser power of 8.6 mW. The explicit writing parameter evaluation is laid out in the Supporting Information.
For the fabrication of hydrogel sheets, a modified version of the liquid polymer lithography platform was used with a total exposure dose of 500 mJ. [20] 
Drug delivery experiments
Drug release kinetics: Superparamagnetic hydrogel sheets were dehydrated in vacuum overnight and immersed in MB (0.5 mM in DI water) for 12 hours, rinsed with PBS, and immersed in 1ml PBS. At predefined intervals (5, 10, 20, 30, 60, 120, 240, and 480 minutes), the PBS / MB solution was replaced with fresh PBS, modeling a perfect skink condition.
Total drug absorption: Superparamagnetic hydrogel sheets were dehydrated in vacuum overnight and immersed in MB (0.5 mM in DI water) for 12 hours, rinsed with PBS and immersed in NaOH (1M) for 24 hours. All polymer sheets were fully degraded at this point.
All fluorescence measurements were repeated at least three times. Details about the fluorescence measurements are given in Supporting Information 3.
Targeted drug delivery: 3T3 cells were seeded at a cell density of 10 6 cells and allowed to attach for 24 h at physiological conditions. Cell media was aspirated and the cells were washed with PBS. Cells were fixed in Formaldehyde (4 %), followed by permeabilization with Triton X-100 (0.1 %). Hydrogel microrobots were incubated for 1 h in 0.5 mM MB, dried in air, released from their substrate using a Signatone probe station and transferred to the landing zone of the micro channels. DI water was added to the microchannel and the ABF were steered into the target zone using a MagnebotiX NanoMag setup. Rotating magnetic fields with a strength of 15 mT and rotation frequencies between 1 and 5 Hz were applied.
Fluorescence images were taken after 30 min of incubation using an Olympus IX-81
Fluorescence Microscope with U-MNUA2 and MNBV-2 filter.
Cytotoxicity of degradation products
Pristine hydrogel copolymers were crosslinked and immersed in NaOH (1 M). HCl was added to recover poly (acrylic acid) from sodium poly acrylate. The solution was ultra-centrifuged to remove impurities. The degraded polymer parts were recovered by phase separation using toluene. The organic phase was vacuum dried for 24 hours and a white-ish powder was recovered. Superparamagnetic FF was added to match the initial particle concentration. The mixture was vacuum-dried to remove GBL and dissolved in PBS. 3T3 fibroblast cells were cultivated in cell culture medium (DMEM, 10% FCS; 100 x Antimycoticum) at physiological conditions. MTT Cytotoxicity study was conducted in 96-well plates with 1x10 4 3T3 cells in culture medium (100 µL). Cells were allowed to attach for 4 hours, cell medium was removed, cells were washed with PBS and exposed to the degradation solution. After 24 h of incubation, the supernatant was replaced by fresh media (100 µL) supplemented with MTT (12 mM).
After 4 h of incubation, isopropanol (100 µL) and HCl (0.04M) were added to the cells.
Absorbance measurements were conducted in a microtiter plate reader at 540 nm.
Accelerated degradation tests
Superparamagnetic hydrogel copolymer ABF were incubated in NaOH (1M). Fluorescence images were taken using an Olympus IX-81 Fluorescence Microscope with U-MNUA2 filter.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. well as Dr. Selman Sakar for the preparation of the 3T3 fibroblast cells. This work has been funded from the Swiss National Science Foundation (grant nr. 200020-126694). 
Supporting Information 1: Fabrication
Title: Degradable Magnetic Composites for Minimally Invasive Interventions: Device Fabrication, Targeted Drug Delivery, and Cytotoxicity Tests 75/25, and 50/50 %vol/%vol. FF was added to pristine PEG-DA and to the PEG-DA/PE-TA solutions to achieve a final particle concentration of 2 %vol with respect to the total polymer volume. Irgacure photoinitiator (50 mg per ml polymer solution) and a photosensitizer (10 mg per ml polymer solution) were added. The pre-polymer was mixed and the particles were dispersed in a Hauschild DAC planetary mixer for 10 minutes. Pristine pre-polymers were prepared in the same manner except that no FF was added. These pre-polymers were dropcasted onto transparent glass wafers and loaded into a NanoScribe TPP tool. Cross-linking was carried out in Perfect Shape 1 mode. The laser power was increased from 1.0 to 8.6 mW in 0.2 mW steps. A laser power was considered as sufficient if all helical configurations (with diameters between 1.5 and 3.0 µm) were successfully cross-linked at the same time.
Fabrication results were accessed using optical microscopy and secondary electron microscopy.
Results
Helical configurations were fabricated for all pristine polymer solutions, i.e. pristine PEG-DA and pristine PEG-DA-co-PE-TA copolymers. The minimum required laser power decreases from 8.6 mW (pristine PEG-DA) to 3.0 mW (PEG-DA-co-PE-TA with a ratio of 50/50 %vol/%vol). In contrast, superparamagnetic helical devices were only fabricated for copolymers that contained at least 25%vol PE-TA. Minimal laser powers of 8.6 mW and 5.0 mW were observed for volume ratios of 75/25 and 50/50 %vol/%vol, respectively. All results are summarized in Figure S1 .
All helical structures are three turn devices with a pitch angle of 45° (see above). For device diameters between 1.5 and 3.0 µm, this corresponds to arc lengths between 20 and 40 µm.
The Perfect Shape 1 writing mode operates at an average writing speed between 40 and 50 µm/s, implying writing times for a single device in the order of 0.5 to 1.0 second per device.
Within one day, between 86,000 and 172,000 devices may be fabricated. 
The forward velocities of a typical hydrogel robot with a design diameter of 3 µm are illustrated in Figure S2 for magnetic field strengths of 5 and 8 mT. Maximum forward velocities of 5.6 and 10.2 µm per second were achieved at step-out frequencies of 3.5 and 7 Hz, respectively (all data points are at least threefold measurement results). Considering a device length of 28.3 µm, the maximum forward velocities correspond to 0.2 and 0.36 body lengths per second, which is a typical value for superparamagnetic ABF. [1] Using a slender helix approximation (filament diameter 1.0 µm), [2] the attained rotation frequencies can translated into magnetic torques of 8.5 and 17.0 aNm. 
Discussion
The demonstrated forward velocities are relatively slow in comparison so other swimming microrobots such as (1) ABFs fabricated by TPP of pristine SU-8 photoresist and subsequent evaporation of magnetic material (10 to 15 body lengths / second), (2) ABFs fabricated by template assisted electrodeposition (3 body lengths / second), or (3) artificial magnetotactic bacteria propelled by catalytic bubble ejection (6 to 18 body lengths / second). [3] In a previous work, the alignment of the embedded particles has yielded a nearly four-fold increase in forward velocity. [1] In a second, separate work, swimming microrobots with 4 %vol particle load were introduced, [4] in comparison to the 2 %vol particle load employed in this work. Since the magnetic torque is proportional to the magnetization, i.e. magnetic volume, doubling the particle content is expected to double the maximum forward velocity. In turn, a combination of increased particle load and aligned particle configurations may enable forward velocities in the order of 1.6 to 2.9 body lengths per second. 
Supporting Information 3: Fluorescence spectra and calibration data
Fluorescence spectra and calibration data
Fluorescence spectra and calibration curves for Methylene Blue (MB) in PBS and NaOH (1M) are presented below. All solutions were diluted with PBS or NaOH solution (1 M) from a MB stock solution (0.5 mM in DI water) according to the dilution tree presented in Figure S3 . Fluorescence spectra and calibration data are presented in Figure S4 and 
